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The A C L - 8 p  t ape  cathodes when a c t i v a t e d  by a c i d  e l e c t r o l y t e  
can undergo a c t i v e  c h l o r i n e  loss by d i sp ropor t iona t ion  to C12 
and i socyanur i c  a c i d .  The ex ten t  of loss  depends on pH, e l e c t r o -  
i n  the  70-80% range a r e  obtained us ing  mixed e l e c t r o l y t e  ( A l C 1 3 ,  
MgC12 f o r  moderate pH) and minimum e l e c t r o l y t e  volume. Chlorine 
loss does not  occur above pH 5. 
- l y t e  volume, and t ime of e l e c t r o l y t e  con tac t .  Cathode e f f i c i e n c i e s  
S a l t s  of t r i c h l o r o t r i a z i n e t r i o n e  are much more s t a b l e  than 
ACL-85. N o  s i g n i f i c a n t  ch lor ine  evo lu t ion  occurs when d i s -  
cilaped jJi a c f d  eiectroiyte, and no capac i ty  l o s s  occurs during 
t ape  formulat ion.  Cathode e f f i c i e n i c e s  up to 85% of t h e o r e t i c a l  
(no  l o s s  assumed dur ing  processing or discharge)  were obtained 
a t  0.5 amp/in.2 i n  A 1 C 1 3  e l e c t r o l y t e .  Discharge vo l t ages  v s  Mg 
a r e  s imi l a r  to t h e  ACL-85 system. 
The bes t  energy d e n s i t y  output t o  d a t e  i s  315 watt hours pe r  
pound of complete t ape  c e l l  excluding e l e c t r o l y t e  f o r  t he  system 
Mg/AlC13, MgC12/ACL-85 a t  0.5 amp/in.z cu r ren t  d e n s i t y .  Fu r the r  
improvement can be made only  by ;educing a c t i v i t y  loss during 
process ing  and c e l l  a c t i v a t i o n .  
High capac i ty  ACL-85 tapes  (10-18 amp-min/in.') were 
s u c c e s s f u l l y  discharged a t  cu r ren t  d e n s i t i e s  up to 1 amp/in. 2 
v s  Mg i n  mixed A l C 1 3 ,  MgC12 e l e c t r o l y t e s .  E f f i c i e n c i e s  ranged 
from 60-75% a t  high d r a i n  r a t e s .  
F a i r l y  f l a t  d ischarge  curves (2 .4 -2 .6  v o l t  v s  Mg) were 
obta ined  when ACL-compound tape cathodes a r e  discharged at low 
c u r r e n t  d e n s i t i e s  (0.05 amp/in.2) i n  n e u t r a l  (MgC12 and MgBr2) 
e l e c t r o l y t e .  Cel l  vo l t age  decay a t  h igher  d r a i n  rates was appar- 
e n t l y  due to i nc reased  r e s i s t a n c e  caused by e lec t rochemica l  
r e a c t i o n  products .  
The f u l l  c e l l  system L i / L i C 1 0 4 ,  methqlformate/ACL-85 or 
ACL-70@ maintain 3.0 v o l t s  a t  0 . 1 0  amp/in. . 
cathode was used.  The b e s t  coulombic e f f i c i e n c i e s  obtained for 
these  systems to date  are 25% (ACL-85) and 50% (ACL-70). 
A convent ional  tape 
I n i t i a l  e f f o r t  to prepare a high su r face  area l i t h i u m  
from d i spe r s ions  and by e l e c t r o p l a t i n g  were unsuccessfu l .  D i s -  
persed l i t h i u m  was poor ly  conductive and h i g h l y  r e a c t i v e  chemi- 
c a l l y .  I n i t i a l  e l e c t r o p l a t i n g  r e s u l t e d  i n  a l l o y  formation.  
Fu r the r  technique ref inements  a r e  necessary.  
Magnesium was found to discharge we l l  i n  a nonaqueous b a s i c  
e l e c t r o l y t e  system LiOCH3, CH30H. Open c i r c u i t  vo l t age  was -2 .2  
v o l t  v s  NCE and -1.85 v o l t  a t  0 . 1  amp/in. 2 . 
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I .  INTRODUCTION 
A .  BACKGROUND 
During the  f i r s t  q u a r t e r  a new tape  couple,  based on the  
M g / A l C 1 3 ,  HCl/trichlorotriazinetrione (Monsanto ACL-89) systan 
was developed. S t a t i c  c e l l  output  d a t a  demonstrated a f l a t  
d i scha rge  curve wi th  c e l l  vo l tages  above 2.0 v o l t s  a t  cu r ren t  
d e n s i t i e s  c l o s e  to 1 amp/in.2. Actual  cathode coulombic e f f i c i -  
e n c i e s  above 80% were measured, bu t  ou tput  r e p r o d u c i b i l i t y  was 
e r r a t i c .  High energy output  (-300 watt-hours/pound of complete t ape  
c e l l  excluding e l e c t r o l y t e )  i nd ica t ed  promise f o r  t h i s  system a s  
a p o t e n t i a l  200 watt-hour/pound c e l l .  
Both l i t h i u m  and magnesium were examined as  p o t e n t i a l  non- 
aqueous system tape  anode materials. Lithium was found to work 
s a t i s f a c t o r i l y  w i t h  l i t h i u m  pe rch lo ra t e  o r  potassium hexafluoro- 
phosphate i n  methyl formate.  Magnesium r e s u l t s  were s t i l l  e r r a t i c  
a t  t he  end of the  q u a r t e r ,  p r imar i ly  because of su r face  p repa ra t ion  
problems. 
Emphasis d u r i  t h e  second q u a r t e r  was to improve and 
c h a r a c t e r i s t i c s  of a c t i v e  ch lo r ine  compounds were t o  be examined 
ve r sus  l i t h i u m  and magnesium i n  nonaqueous t a p e  conf igu ra t ion  
sys  terns. 
opt imize the Mg/ACL- 3 5 tape  system. I n  a d d i t i o n ,  t h e  d ischarge  
B. SECOND QUARTER OBJECTIVES 
The s p e c i f i c  o b j e c t i v e s  for t h i s  q u a r t e r  were to: 
1. Optimize t h e  energy dens i ty  output  of t h e  aqueous Mg/ 
ACL-85 system and eva lua te  t h e  complete t ape  system 
under dynamic condi t ions .  
2.  Determine t h e  performance of a c t i v e  c h l o r i n e  compounds 
i n  nonaqueous e l e c t r o l y t e  and s t a r t  f u l l  c e l l  t ape  
conf igu ra t ion  s t u d i e s  u s i n g  a l i t h i u m  f o i l  afiode. 
3. Continue screening  of s e l e c t e d  l i t h i u m  and magnesium 
systems i n  nonaqueous e l e c t r o l y t e  u s i n g  the  f r ee  
e l e c t r o l y t e  t e s t  c e l l .  
4 .  Determine the e f f e c t  o f  l i t h i u m  p u r i t y  and system 
water conten t  on anode d i scha rge  c h a r a c t e r i s t i c s .  
5. Develop a tape  conf igu ra t ion  l i t h i u m  anode wi th  a 
s p e c i f i c  e f f o r t  to produce a high su r face  a r e a  e l e c t r o d e .  
6 .  Produce continuous lengths  of  ACL-85 t a p e s .  
1 
Product ion of  continuous l eng ths  of t ape  and dynamic eva l -  
u a t i o n  of M g / A C L - 8 5  t ape  c e l l s  were postponed t o  completely 
ana lyze  the causes of A C L  compound i n s t a b i l i t y  dur ing  tape  prep- 
a r a t i o n  and c e l l  a c t i v a t i o n .  I n  a d d i t i o n ,  o t h e r  A C L  s a l t s  were 
eva lua ted  i n  a c i d i c  aqueous e l e c t r o l y t e ,  and the a b i l i t y  t o  
d i scha rge  A C L  compound t ape  c e l l s  i n  n e u t r a l  e l e c t r o l y t e  was 
i n v e s t i g a t e d .  A l l  o t h e r  ob jec t ives  were accomplished. 
2 
11. TASK I. HIGH ENERGY COUPLE RESEARCH 
A .  CATHODE RESEARCH AND DEVELOPMENT 
1. 2,4,6-Trichlorotriazinetrione and Der iva t ives  i n  
Aqueous E l e c t r o l y t e  
a. Chemical S t a b i l i t y  o f  ACL-89 i n  Aqueous E l e c t r o l y t e  
During t h e  first q u a r t e r ,  it was found t h a t  ACL-85 tapes would 
l o s e  a c t i v i t y  dur ing  process ing  and on standing un le s s  the  
a c e t y l e n e  b l ack  was vacuum dried beforehand TJsIng pre-dr ied  
conductor  material, tape cathodes were made t h a t  c o n s i s t a n t l y  
d ischarged  a t  70-80s e f f i c i e n c y  i n  A 1 C 1 3  * H C 1  e l e c t r o l y t e .  
d i scha rge  data  w i t h  new ba tches  of  e l e c t r o d e s  have been e r r a t i c ,  
w i t h  s u b s t a n t i a l l y  lower e f f i c i e n c i e s  i n  many cases .  I n v e s t i g a t i o n  
has shown cons iderable  a c t i v e  ch lor ine  l o s s  only  a f t e r  con tac t  
w i t h  c e r t a i n  e l e c t r o l y t e s .  This phenomenon i s  i l l u s t r a t e d  i n  
Table 1 f o r  a t y p i c a l  cathode formulation* conta in ing  65 w t - $  
ACL-85. 
from the same ba tch  and on discharged t apes  immediately a f t e r  
pas s ing  the  cut-off vo l t age  (-1.5 v o l t  vs M g ) .  
Recent 
Act ive ch lo r ine  analyses  were performed on f r e s h  tapes 
Table 1 
ACTIVITY LOSS O F  ACL-85 TAPE CATHODES DURING DISCHARGE 
E l e c t r o l y t e  - 2M A 1 C l 3 = 0 . 5 M  HCB 
Current Density - 0.5 amp/in. 
Anode - Primary Magnesium 











Based on known amount of a c t i v e  m a t e r i a l  added i n i t i a l l y .  
These data are  f o r  extreme cases  b u t  they  do i l l u s t r a t e  the 
p o s s i b l e  e x t e n t  of a c t i v i t y  l o s s .  It i s  apparent  t h a t  most of 
t h e  a c t i v e  ch lo r ine  r eac t ed  during d i scha rge .  However, on ly  h a l f  
r e a c t e d  e l ec t rochemica l ly  wi th  magnesium. The o t h e r ’ h a l r  r e a c t e d  
by a n o t h e r  mechanism. 
f o r  two apparent  low e f f i c i e n c y  tes ts  i l l u s p a t e s  e s s e n t i a l  cathode 
d e p l e t i o n  a t  cutoff vo l t age  ( 1 . 5  v o l t s )  . 
The shape o f  t y p i c a l  d i scharge  curves (F igu re  1) 
-K Standard cathode tape formulat ions conta in  2.75 w t - $  b inde r  
( p o l y v i n y l  formal)  and 2 .75  w t - $  f i b e r  (1/4 i n .  d y n e l ) .  


























































































The e x t e n t  of a c t i v i t y  loss var i ed  from t e s t  se r ies  to t e s t  
s e r i e s ,  b u t  r e s u l t s  i n d i c a t e  t h a t  t h i s  a c t i v i t y  l o s s  i s  p e c u l i a r  
to a c i d  e l e c t r o l y t e .  Data i n  Table 2 show a c t i v e  ch lo r ine  l o s s  
when f r e s h  t ape  cathodes a r e  immersed i n  var ious  e l e c t r o l y t e  
s o l u t i o n s  f o r  f i v e  minutes.  A t y p i c a l  65 w t - $  ACL-85 cathode 
fo rmula t ion  was used. 
Table 2 
EFFECT O F  ELECTROLYTE ON ACL-85 TAPE CATHODE ACTIVITY LOSS 
2M A l C 1 3 * 1 M  H C 1  
2M A l C 1 3 . 0 . 5 M  H C 1  
1M A l C 1 3 * 0 . 5 M  H C l - l M  LiC104 
2M LiC104 
H2 0 
Orig ina l  Act ive Chlorine Remaining 






The a c t i v i t y  loss f o r  A C L - ~ ~  cathode t apes  when a c t i v a t e d  by 
a c i d  e l e c t r o l y t e  i s  due to breakdown to i socyanur ic  a c i d  and 










~ H C  1 
p r e p a r a t i v e  r e a c t i o n .  Table 3 shows the  comparative e f f e c t  of 3 ml 
of water and var ious  a c i d  e l e c t r o l y t e s  on t h e  a c t i v e  c h l o r i n e  
conten t  of  0.05-g sample of ACL-85. 
when t h e  s t r o n g  a c i d  e l e c t r o l y t e  s o l u t i o n s  a re  used. 
A s t r o n g  C 1 2  odor i s  ev ident  
This  i s  a s o l u t i o n  r e a c t i o n  and exp la ins  t h e  nonreproduci- 
b i l i t y  of prev ious  r e s u l t s .  
t i o n  depends on e l e c t r o l y t e  volume, soak time p r i o r  t o  discharge,  
and t h e  d ischarge  time i t s e l f .  High r a t e  d i scha rges  w i t h  minimum 
e l e c t r o l y t e  soak t imes r e s u l t e d  i n  h igh  e f f i c i e n c i e s .  
The b e s t  d i scharge  r e s u l t s  were obtained by e l imina t ing  f r ee  
H C 1  as an  o r i g i n a l  c o n s t i t u e n t  and us ing  mixed e l e c t r o l y t e s .  
E l imina t ion  of a c i d i c  e l e c t r o l y t e  completely r e s u l t e d  i n  poor  
d i scharge  c h a r a c t e r i s t i c s ,  a t  l e a s t  a t  high c u r r e n t  d e n s i t i e s .  
Behavior i n  n e u t r a l  e l e c t r o l y t e  i s  d iscussed  below. 
data  i n  Table 4 i l l u s t r a t e  these  f a c t s .  
ACL-85 t a p e  cathode d ispropor t iona-  
Some t y p i c a l  
5 
T a b l e  3 
THE EFFECT OF A C I D I C  ELECTROLYTE 
E l e c t r o l y t e  So lu t ion  Volume - 3 ml 
ON A C 1 - 8 5  DISPROPORTIONATION 
ACL-85 Sample Weight - 0.05 g 
Exposure Time Before Analysis  - 5 minutes 
S o l u t i o n  
b l ank  
E2 c) 
O . 5 M  H C 1  
2M A l C 1 3 - 0 . 5 M  HCL 
2M A l C 1 3  
2M MgC12 
Or ig ina l  Active 









DISCHARGE OF ~c1-85 TAPE CATHODES 
I N  MIXED ELECTROLYTES 
Cathode Formulation - Standard 65 wt-5 ACL-85 Formulation 
Anode - Primary Magnesium 
Elec t rode  Area - 3 i n ?  
Current Density - 0.5  arnp/in. 
Approximate To ta l  Capacity - 14-16 amp-min 
2 
Cathode Coulombic Average Discharge 
E l e c t r o l y t e  Efficiency*, $ Voltage, v o l t s  v s  Mg 
2M A 1 C 1 3 * O 0 5 M  H C 1  
1.5M A l C 1 3 ' 0 . 5 M  LiC104 
1 . O M  A l C 1 3 . 1 . O M  LiC104 
2M A l C 1 3  
2M LiC104 
1.5M A l C 1 3  -0.5M MgC12 
1 .OM A l C 1 3  '1 .OM M g C 1 2  
















2.15-2 -25  
* 
Based on a c t i v e  ch lo r ine  content as analyzed 
p r i o r  t o  a c t i v a t i o n .  
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Even with t h e  b e s t  mixed e l e c t r o l y t e  systems ( A 1 C 1 3 ,  MgC1,) 
t h e r e  appears  t o  be 10-15s a c t i v i t y  loss during d ischarge  based 
on f i n a l  a c t i v e  c h l o r i n e  a n a l y s i s .  I n  add i t ion ,  t h e r e  i s  a l so  
5-15$ a c t i v i t y  loss i n  processing ACL-85 t a p e s .  
i n d i c a t e  they a r e  much more s t a b l e  than t h e  f u l l y  ch lo r ina t ed  
m a t e r i a l .  The var ious  mater ia l s  being examined a r e  l i s t e d  i n  
Table 5 .  
Pre l iminary  da t a  with s a l t s  of ch lo r ina t ed  t r i a z i n e t r i o n e s  
Table 5 
DESCRIPTION O F  ACL-85 DERIVATIVES 
Capa c f t y  




32 -5  
C 
A C L - 5 9  27 .O 
P\ ,A c1 
c1 6 
ACL-66@ (mixed s a l t  of ACL-59 and ACL-85) 
ACL-75* (mixed s a l t  of ACL-59 and ACL-85) 
30 -5  
35 00 
ACL-85, -70, and -59 a r e  commercially a v a i l a b l e  m a t e r i a l s .  
I n  a d d i t i o n ,  cathode e f f i c i e n c i e s  
ACL-66 and -75 a r e  experimental  ma te r i a l s  suppl ied by Monsanto 
zompany. 
a c t i v i t y  l o s s  on process ing .  
up to 85% have been obtained w i t h  ACL-66 i n  A 1 C 1 3  e l e c t r o l y t e .  
No c h l o r i n e  formation was noted for e i t h e r  ACL-59 or ACL-66. 
I n i t i a l  r e s u l t s  with ACL-59 and ACL-66 show no s i g n i f i c a n t  
7 
The d ischarge  vol tages  a r e  i d e n t i c a l  t o  those  obtained w i t h  
ACL-85. 
and -75 may be promising if chemical s t a b i l i t y  i s  maintained. 
t han  the  t r i c h l o r o  d e r i v a t i v e .  The f i rs t  c h l o r i n e  of t h e  
t r i c h l o r o  compound i s  very  l a b i l e  and e a s i l y  hydrolyzed o r  reduced. 
The increased  s t a b i l i t y  o f  the"ACL"sa1ts i s  r e f l e c t e d  i n  high 
a c t i v i t y  r e t e n t i o n  a f t e r  processing (Table 6 ) .  
Despi te  lower capac i t i e s  compared w i t h  ACL-85, ACL-66 
I n  genera l ,  t h e  d i c h l o r o t r i a z i n e t r i o n e s  a r e  more s t a b l e  
Table 6 
ACTIVITY LOSS DURING PROCESSING FOR VARIOUSiiACLii CATHODE TAPES 
Formulation: 65 w t - $  "ACL" mater ia l ,  2.75 w t - %  po lyv iny l  formal 
b inder ,  2 .75 w t - $  dynel  f i b e r ,  29.5 w t - %  ace ty l ene  
b lack  
Technique: S l u r r y  o f  cathode mix i n  t r i c h l o r o e t h y l e n e  c a s t  
on 4 - m i l  dynel tape and vacuum d r i e d .  
Active Mate r i a l  
ACL-85 
A C E 7 5  
ACL-66 
ACL-59 
Or ig ina l  Active Chlorine 
Remaining A f t e r  Processing, $ 
89.6 f2.8$ (24  tes ts)  
94.5 +1.3$ (11 t e s t s )  
96.5 f2.176 (17 t e s t s )  
98.1 21.0% ( 3 t e s t s )  
The a c t i v i t y  l o s s  of ACL-85 dur ing  tape p r e p a r a t i o n  appears  
t o  be caused p r i m a r i l y  by t h e  ace ty lene  b l ack .  During the  f i rs t  
q u a r t e r ,  t he  b e n e f i c i a l  e f f e c t  o f  vacuum dry ing  t h e  ace ty l ene  
b l ack  be fo re  tape  process ing  was demonstrated More r e c e n t  work 
has shown t h a t  ACL-85 can i n t e r a c t  w i t h  b inde r  (Table  7 )  
Table 7 
DURING TAPE PROCESSING 
THE EFFECT OF POLYVINYL FORMAL BINDER ON ACL-85 ACTIVITY LOSS 
PVl? P resen t  
N o  P F  
O r i g i n a l  Active Chlorine 
Remaining A f t e r  Processing,$ 
91 21 (based on f o u r  t e s t s )  
95 +1 (based on f o u r  t e s t s )  
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El imina t ion  of po lyvinyl  f o r m a l  b inder  coupled w i t h  the 
vacuum dry ing  pre t rea tment  of ace ty lene  b l ack  has led t o  
c o n s i s t e n t  a c t i v e  c h l o r i n e  r e t e n t i o n s  o f  91-95$. Removal o f  t h e  
b inder  does not  i n t e r f e r e  with electrochemical  t e s t s ,  b u t  a new 
i n e r t  b i n d e r  m a t e r i a l  w i l l  be necessary f o r  s a t i s f a c t o r y  
pechanica l  p r o p e r t i e s  e 
b .  Discharge of ACL-85 Tape Cathodes and Der iva t ives  i n  
Aqueous E l e c t r o l y t e  
During t h e  second q u a r t e r ,  work i n  t h i s  a r e a  was d i r e c t e d  
toward improving t h e  energy d e n s i t y  output  i n  a c i d i c  aqueous 
i n  n e u t r a l  e l e c t r o l y t e  where anode gass ing  and ACL-85 a c t i v e  
c h l o r i n e  loss does not  occur .  A complete compilation of s t a t i c  
c e l l  d i scharge  experiments i s  contained i n  t h e  Appendix (Table  A - 1 )  . 
Only s e l e c t e d  o r  summarized da ta  a r e  presented  i n  the fol lowing 
s e c t i o n s .  
e i e c t r o i y t e  and Cietermiriing the f e a s i b i i i t y  of S U C C ~ S  s f u i  disciiai=ge 
(1) Discharge i n  A c i d i c  Aqueous E l e c t r o l y t e  
The  shape o f  t h e  d ischarge  c u v e  f o r  ACL-85 tape  cathodes 
and absence of s i g n i f i c a n t  r e s i d u a l  a c t i v e  c h l o r i n e  a f t e r  c e l l  
vo l t age  drop i n d i c a t e s  t h e  electrochemical  r educ t ion  of  tri- 
c h l o r o t r i a z i n e t r i o n e  i n  the tape  conf igu ra t ion  t o  be h igh ly  
e f f i c i e n t .  Measured e f f i c i e n c i e s  i n  aluminum chlor ide-  
hydrochlor ic  ac id  e l e c t r o l y t e s  a r e  c o n s i s t e n t l y  i n  the range of  75-855. 
These f i g u r e s  do no t  take  i n t o  account a c t i v e  ch lo r ine  l o s s  due t o  
d i s p r o p o r t i o n a t i o n  o f  ACL-85 i n  a c i d .  
measured ACL-85 content  p r i o r  t o  d i scha rge  and, t he re fo re ,  a r e  
co r rec t ed  f o r  a c t i v i t y  l o s s  during p rocess ing .  
They a r e  based on a s -  
During t h e  f i r s t  q u a r t e r ,  energy d e n s i t i e s  of 290-300 wat t -  
hours/pound of dry  i n g r e d i e n t s  were obtained f o r  t he  Mg/ACL-85 
tape  system. There a r e  two areas  where improvements must  be made 
t o  i n c r e a s e  energy d e n s i t y  o u t p u t  t o  t h e  350-400 watt-hour/pound 
( d r y  i n g r e d i e n t s )  o b j e c t i v e :  
( i) 
(a) 
Some p rogres s  has been made i n  a r e a  (i) .
Eliminate  a c t i v e  ch lo r ine  loss on tape  process ing  
El imina te  a c t i v e  ch lo r ine  loss during a c t i v a t i o n  
( p o s s i b l e  maximum improvement 10-15$) 
( p o s s i b l e  maximum improvement 10%) e 
Losses dur ing  
processing have been c u t  t o  5-7% a l though good r e p r o d u c i b i l i t y  
has no t  y e t  been achieved.  Two approaches have been explored t o  
reduce a c t i v e  ch lo r ine  l o s s  during a c t i v a t i o n .  The f i r s t  i s  t h e  
m e  of mixed s a l t  e l e c t r o l y t e  with r educ t ion  o r  e l imina t ion  of  
f r e e  hydrochlor ic  a c i d .  The second involves  use of  ACL-85 
d e r i v a t i v e s  t h a t  a r e  more s t a b l e  chemical ly  than ACL-85 i t s e l f .  
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The var ious  e l e c t r o l y t e  systems examined, t oge the r  w i t h  
r e s u l t s  obtained, a r e  shown i n  Table 8. 
t h e  b e s t  mixed e l e c t r o l y t e  system i s  aluminum chloride-magnesium 
c h l o r i d e  where magnesium chlor ide  concent ra t ion  is  equal  t o  or less 
than  aluminum ch lo r ide  concent ra t ion .  Coulombic cathode e f f i c i e n c i e s  
were g e n e r a l l y  80% o r  b e t t e r .  Cel l  vo l t ages  were somewhat lower 
than  those  obtained wi th  a l u m i n u m  ch lor ide-hydrochlor ic  ac id  
e l e c t r o l y t e ,  Discharge curves for t h e  b e s t  c e l l  f rom each e l e c t r o -  
l y t e  series a r e  i l l u s t r a t e d  i n  Figure 2 ,  
For maximum e f f i c i e n c y ,  
Using performance d a t a  acquired t o  da te ,  a p r o j e c t i o n  can be 
made of the u l t i m a t e  energy d e n s i t y  output  that  can be expected 
from t h e  Mg/ACL-85 t a p e  system i n  aqueous a c i d i c  e l e c t r o l y t e .  
b e s t  coulombic e f f i c i e n c i e s  a r e  obtained w i t n  catnode mix conta in ing  
a maximum of 70 w t - $  ACL-85 and a primary magnesium f o i l  anode, 
d e l i v e r e d  cel12vol tage of 2 .4  v o l t s  i s  obtained a t  c u r r e n t  d e n s i t i e s  
The 
A 
o f  0.5 amp/in. to 0.7 amp/in. 2 
F igu re  3 shows the  energy d e n s i t y  output  (exc luding  e l e c t r o -  
l y t e )  f o r  a complete tape  c e l l  a s  a f u n c t i o n  o f  o v e r a l l  coulombic 
e f f i c i e n c y  and capac i ty .  Overall  e f f i c i e n c y  inc ludes  a c t i v i t y  loss 
dur ing  process ing  and chemical l o s s e s  during a c t i v a t i o n .  The b e s t  
energy d e n s i t y  obtained to d a t e  is  315 watt-hours/pound complete 
c e l l  excluding e l e c t r o l y t e  f o r  c e l l  no. 80482-2. The o v e r a l l  
e f f i c i e n c y  was 75% inc luding  an  approximate 10% a c t i v e  c h l o r i n e  
l o s s  dur ing  process ing .  The "X" denoted i n  F igure  3 r e p r e s e n t s  t h e  
b e s t  experimental  ou tput  t o  d a t e .  Energy d e n s i t y  i n c r e a s e s  can be 
expected through f u r t h e r  development i n  t h e  fol lowing a r e a s :  
( i) Inc rease  t ape  capac i ty  from p r e s e n t  l e v e l s  (8-12 amp- 
min/ inO2) t o  20-25 amp-min/in e 2  * Fur the r  i nc reases  
i n  capac i ty  f o r  t h i s  formula t ion  would probably make t h e  
tapes  t o o  bulky t o  handle i n  a p r a c t i c a l  manner, 
( ii) Decrease a c t i v e  ch lor ine  l o s s  dur ing  process ing .  Losses 
have been held to 5% and f u r t h e r  improvements appear 
l i k e l y .  
(iii) Active ch lo r ine  l o s s  during a c t i v a t i o n  a r e  expected to de- 
c rease  during dynamic ope ra t ion  s i n c e  e l e c t r o l y t e  con tac t  
time i s  minimized cornparedwithstatic c e l l  ope ra t ion .  
It would appear t h a t  an o v e r a l l  e f f i c i e n c y  o f  85% is a reason-  
a b l e  g o a l  w i t h  u l t i m a t e  expected energy d e n s i t i e s  of 350-370 watt- 
hours/pound of t ape  c e l l  excluding e l e c t r o l y t e .  
The d ischarge  c h a r a c t e r i s t i c s  of  h igher  c a p a c i t y  ACL-85 








Cathode Coulombic Efficiency, % 
0 80450-3 15.1 2M A1C13 
A 80455-14 41.5 1.5M AlC13.0.5M MgC12 
O 80482-2 25.8 2M AlC13-C.5M HC1 











Cathode CoUlOmblC Efficiency, 5 
Figure 2. Typical Eischarge Data f o r  A C L - ~ ~  Tapes in V a r i o u s  E i e c r r s l y t - s ,  














































"HE EFFECT OF ELECTROLYTE SYSTEM ON DISCHARGE CHARACTERISTICS 
O F  Elg/ACL-85 TAPE CATHODE 
Cathode Formulation: 65 wt -$  ACL-85 
29.5 w t - $  Shawinigan Acetylene Black 
2.75 w t - $  l / 8  i n .  Dynel Fiber 
2.75 w t - $  Polyvinyl Formal Binder 
5 - m i l  perforated primary magnesium 
Separator: 3.5-11111 Dynel 
Anode : 
Cell  Area: 3 in .2  
Electrolyte 
2M AlC19.0.5M HCI 
11 I! 
11 I1 
I t  11 
11 11 
2M A l C 1 9  
I t  








n I t  
1 M  A l C l S ' l M  M g C l 2  
W I1 
2M AlCls-0.5M MgCl2 
0.5M A l C l s . 1 . 5 M  WClz 
l.5M A1C13-0.5M L i C I O l  
It n 
11 11 





























v o l t s  
2.4 
2 -5  
2 -3  
2.4 
















































DISCHARGE CHARACTERISTICS OF HIGH CAPACITY (15-22 AMPERE-MINUTFS/INCH2) 
Mg/ACL-85 TAPE CnLS I N  AQUEOUS ELECTROLYTE 
A c t 0 5  I n  
Cathode Mix, Capacity 


























I t  
I t  
(I' 
65 20 
Elec t ro ly te  
1.5M A l C 1 3  *0.5M M@1, 
11 II 
11 I 1  
I? 11 
11 I 1  
11 I 1  
11 I 1  
11 11 
I1  11 
1.5M A l C l S ' O . 5 M  MgC12 
0.2M H C 1  
1.OM A l C 1 3 . 1 M  MgCla' 
0.2M H C 1  
1 M  AlC13.1M MClp 
It 11 
11 ,I 
11 I 1  





0 -7 76 
0.8 a2 




1 .o 67 
0.7 78 
0 -5 59 
0.7 77 
0 -5 73 
0 -7 54 
0 -7 54 
o .a 56 
0.5 71 
0.7 59 
0 -7 55 
0.7 57 
0 -5 52 
























I n  gene ra l ,  i nc reas ing  capaci ty ,  a t  l e a s t  up to 20 amp-min/in.2 
does n o t  markedly change t h e  discharge c h a r a c t e r i s t i c s .  A s  
expected, t h e  heav ie r  t apes  maintain s l i g h t l y  h ighe r  vol tages  a t  
h igh  c u r r e n t  d r a i n s .  Representa t ive  d ischarge  curves a r e  
- i l l u s t r a t e d  i n  F igure  4 .  
The d ischarge  c h a r a c t e r i s t i c s  cf t h e  va r ious  s a l t s  of A C L - 8 5 ,  
A C L - 5 9 ,  A C L - 6 6 ,  and A C L - 7 5  ( s e e  Table 5 ) ,  were screened i n  var ious  
a c i d i c  aqueous e l e c t r o l y t e s .  The r e s u l t s  a r e  summarized i n  
Table 10. A comparison of  t h e  f o u r  systems i s  i l l u s t r a t e d  i n  
F igu re  5 .  
rnk- A P T  C A  +..--- --_ 
liic f i u u - j ~  b a p c D  iaii p w u i  ~ j ; ,  w i t h  cathode e f f i ~ i e f i c i e ~  I?O 
h ighe r  than  50%. 
p r e p a r a t i o n ,  poor  e f f i c i e n c i e s  may be due t o  high s o l u b i l i t y  
(9 g/lGO g H20 a t  2 O o C ) .  
r e l a t i v e l y  low capac i ty ,  A C L - 5 9  was e l lmina ted  from f u r t h e r  
c o n s i d e r a t i o n .  
S ince  there i s  no a c t i v i t y  l o s s  dur ing  t ape  
Because o f  poor performance and 
The p o l a r i z a t i o n  c h a r a c t e r i s t i c s  of  A c L - 6 6  and A C L - 7 5  a r e  
s imilar  t o  those  f o r  A C L - 8 5 .  
t h e s e  mixed sa l t s  e x h i b i t  b e t t e r  o v e r a l l  cathode e f f i c i e n c i e s .  
A C L - 6 6  shows no a c t i v i t y  loss during process ing  w i t h  t h e  r e s u l t  
t h a t  o v e r a l l  e f f i c i e n c i e s  as high a s  85% were obta ined .  A C L - 7 5  
e x h i b i t e d  s l i g h t l y  lower e f f i c i e n c i e s  (65-71%) , which d i r e c t l y  
r e f l e c t  t h e  5-8% a c t i v i t y  l o s s  during p rocess ing .  A s  w i t h  the  
A C L - 8 5  tape cathodes,  t h e  aluminum chloride-magnesium c h l o r i d e  
s o l u t i o n  appears  to be the  b e s t  e l e c t r o l y t e  system. 
Because o f  b e t t e r  chemical s t a b i l i t y ,  
The a b i l i t y  t o  d i scharge  A C L - 8 5  c a t h o d e  s u c c e s s f u l l y  i n  
n e u t r a l  e l e c t r o l y t e  i s  h igh ly  d e s i r a b l e .  E l imina t ion  of t h e  
a c i d i c  e l e c t r o l y t e  wocld avoid anode gass ing  and a c t i v i t y  loss 
due t c  cathode decomposition. I n i t i a l  work, d u r i n g  the  f i r s t  
q u a r t e r ,  showed t h a t  A C L - 8 5  t ape  cathodes e x h i b i t  s t e a d i l y  inc reas -  
ing  p o l a r i z a t i o n  during d ischarge  i n  n e u t r a l  e l e c t r o l y t e .  
wcrkms carried out to c l a r i f y  t h e  n a t u r e  of t h i s  p o l a r i z a t i o n  and 
determine v.nder what condi t ions ,  if any, a n e u t r a l  e l e c t r o l y t e  
system could be used s u c c e s s f u l l y .  Discharge d a t a  i n d i c a t e  t ha t  
p o l a r i z a t i o n  i s  caused by t h e  accumulation of a n  e lec t rochemica l  
d i scha rge  product  r a t h e r  thzn  a chemical decomposition p roduc t .  
Contact of  A C L - ~ ~  t ape  cathodes wi th  var ious  n e u t r a l  e l e c t r o l y t e  
systems f o r  varying pe r iods  of time r e s u l t e d  i n  no s i g n i f i c a n t  
a c t i v i t y  loss. A s  i l l u s t r a t e d  i n  F igu re  6, p o l a r i z a t i o n  i s  
r e i a t e d  to d i scha rge  time r a t h e r  than  e lapsed  time a f t e r  
a c t i v a t i o n .  Cilrrent shut -down during a run  has no e f f e c t  upon 
u l t i m a t e  e f f i c i e n c y  o r  p o l a r i z a t i o n .  
time by decreas ing  the  c u r r e n t  a c t u a l l y  improves output  ( F i g u r e  7 )  
iJi_th riz loss i n  e f f i c i e c c y .  
F u r t h e r  
Extending the  d ischarge  
I n d i c a t i o n s  a r e  t h a t  A C L - 8 5  and "ACL-salts" can be discharged 
s i c c o s s f u l l y  i n  f i eu t r a l  e l e c t r o l y t e  a t  low c u r r e n t  d e n s i t i e s .  
Typical r2sults a r e  showr, i n  Table 11. 
h =  
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DISCHARGE CHARACTERISTICS OF "ACL" SALT TAPE CELIS IN ACIDIC 
AQUEOUS ELECTROLYTE 
Cathode Formulation: 
Separator: 4 - m i l  dyne1 
Anode: 5 - m i l  perforated primary magnesium 
Cell  Configuration: 3 x 1 i n .  
65 ut-$ "ACL" s a l t ,  30 ut-$ acetylene black, 2.5 ut-$ carbon f ibe r s  




Cell  No. amp-min $ 
80483-1 18 8 
90472-1 20 8 
80472-2 25 5.5 








































t o  1.5 v o l t s  
Electrolyte  P
ACL-75 (35 amp-min/g capacity) 
1.5M A l C l S  *0.5M FilgCl2 
I t  I t  
2 M  A l C 1 9  
2 M  AlC13'0.5M HC1 
ACL-66 (30.5 amp-min/g capacity) 
l.5M AlC12'0.5M MgC12 
II It  
I t  11 
I t  II 
I 1  II 
1.5M MgClp.0.5M A l C 1 3  
2M A l C 1 9  
II 
11 
2 M  AlC19'0.5M H C 1  
n n 
ACL59 (27 amp-mln/g capacity) 
1.5M A1CI.s -0.5M MgClp  
11 II 



































































Discharge Time, Minutes 
0 
I I 1 8 8 I I 1 rn 
Figure 6. The Effect of Mid-discharge Shutdown on Discharge 
of Mg/2M MgCl=/AC1-85 System at 0.17 amp/in.2 
I I I A 
Table 11 
THE EFFECT OF LOW CuRRwT DENSITIES ON DISCHARGE CKARACTERISTICS 
I N  l?mTFwi ELECTROLYTE 
O F  ACL-85, ACL-75 AND ACL-66 TAPE CATHODES 
Cathode Formulation: 
Separator:  4-11111 Dyne1 
Anode: 5-11111 perforated pr imary  magnesium 
Cell Configuration: 3 x 1 In. 
65 ut-$ ACL compound, 30 wt-$  acetylene black, 2.5 .wt-$  carbon f iber  (1/8 i n . ) ,  
2.5 ut-$ polyvinyl formal binder 
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The mixed salts ,  ACL-66 and ACL-75, appear  t o  g i v e  b e t t e r  
* e f f i c i e n c i e s  and c e l l  vo l t ages  than ACL-85. I n  add i t ion ,  
s u b s t a n t i a l l y  h igher  vol tages  a re  obtained with 2M MgBrB compared 
w i t h  2M MgC12 f o r  a l l  cathode systems s t u d i e d .  
2 .  2,4,6-Trichlorotriazinetrione and Der iva t ives  i n  Nonaqueous 
E l e c t r o l y t e  
a .  F u l l  C e l l  P repa ra t ion  
The s o l u b i l i t y  of o rgan ic  N-chlorine compounds i n  t y p i c a l  
o rgan ic  e l e c t r o l y t e  systems makes t h e  f r e e  e l e c t r o l y t e  h a l f - c e l l  
sci-eeiiliig techriique unsu i t ab le  f o r  most A C L  catnodes . Hence, 
most of  t h e  cathode r e sea rch  has been done using t ape  
conf igu ra t ion  full c e l l s  with l i t h ium as t h e  working anode. The 
l i t h i u m  p o t e n t i a l  is  read s e p a r a t e l y  ( v s  NCE)  so that  cathode and 
anode p o l a r i z a t i o n s  can be sepa ra t ed .  
I n  t h e  e a r l y  experiments the l i t h i u m  anode was prepared from 
t h e  same l i t h i u m  m e d  f o r  h a l f - c e l l  t e s t s .  T h i s  anode was prepared 
by s l i c i n g  b lock  l i t h i u m  ( F i s h e r ) ,  s e a l i n g  t h e  s l i c e  i n  poly- 
propylene i n  t h e  drybox, p re s s ing  i t  t o  a f o i l  i n  a Carver p r e s s  
a t  10,000 p s i  o u t s i d e  t h e  drybox, followed by unsea l ing  t h e  
enclosed f o i l  back i n  t h e  drybox. 
The f u l l  c e l l  cons t ruc t ion  and cathode formula t ions  were 
similar t o  those  for t h e  aqueous system w i t h  the fo l lowing  
v a r i a t i o n s .  The s t a t i c  t e s t  sandwich type c e l l  was made of 
polypropylene.  Cathode formula t ions  used carbon f i b e r s  r a t h e r  
than  dyne1 and polypropylene s e p a r a t o r s  were used. These 
v a r i a t i o n s  were necessary t o  i n s u r e  s t a b i l i t y  of m a t e r i a l s  i n  
va r ious  organic  so lven t s .  A 65% d e p o l a r i z e r  conten t  was used 
un le s s  o therwise  noted.  
The polypropylene sepa ra to r  o f f e r s  no r e s i s t a n c e  problems i n  
t h e  methyl formate system. This was shown by h a l f  c e l l  t e s t s  of  
t h e  Li/KPFG(MF) system i n  which e s s e n t i a l l y  i d e n t i c a l  r e s u l t s  were 
obta ined  with and without a polypropylene s e p a r a t o r  covering t h e  
l i t h i u m  anode. Some of  t h i s  pre l iminary  d a t a  using t h i s  system 
i s  shown i n  Table 12. 
These i n i t i a l  p o l a r i z a t i o n  data ind ica t ed  t h a t  a Li/ACL-85 
t a p e  conf igu ra t ion  system could maintain a s u b s t a n t i a l  d i scharge  
vo l t age  a t  reasonable  c u r r e n t  d r a i n s .  
b .  F u l l  Tape C e l l  Screening Tes t s  of Various Cathode 
Types i n  Nonaqueous E l e c t r o l y t e s  
Screening experiments were c a r r i e d  o u t  t o  t e s t  a v a r i e t y  of  
cathode m a t e r i a l s  i n  t h e  f u l l  c e l l  con f igu ra t ion  and served a s  an 
i n t r o d u c t i o n  to t h e  more d e t a i l e d  work with t h e  ACL compounds. 
2 1  
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The r e s u l t s  of these  experiments a r e  given i n  Table 13. 
. It i s  ev iden t  from the  da t a  t h a t  t h e  l i t h i u m  anode operated 
e f f e c t i v e l y  i n  t h e  e l e c t r o l y t e s  t e s t e d .  The e l e c t r o  I y t e  choices  
were drawn p r i m a r i l y  from t h e  h a l f - c e l l  sc reening  d a t a .  
s c reen ing  i n  methyl formate.  One inorganic  a c t i v e  c h l o r i n e  
compound ( L i O C 1 )  was chosen, and two s i l v e r  s a l t s  were t e s t e d  
(AgC1 and Ago) 
Three N-chloro- compounds were chosen f o r  cur ren t -vol tage  
The N-halogen compounds normally exchange C1 f o r  H upon 
r e d u c t i o n .  However, i n  non-protonic s o l v e n t s  i t  may be p o s s i b l e  
A C L - ~ ~  and ACL-59. For example: 
t~ s n h s t i t n t e  Li f o r  y:hen reducing N-T;alogen a c i d s  such  as 
Hence, we p o s t u l a t e  tha t  hexachloromelamine d i d  not d i scharge  
e f f e c t i v e l y  because t h i s  compound cannot accept  l i t h ium i n  p l ace  
of hydrogen. The amine hydrogen i s  not  a c i d i c .  
Other a c t i v e  c h l o r i n e  compounds t h a t  cou ld  d i scharge  i n  
nonaqueous s o l v e n t s  a r e  halogen a d d i t i o n  compounds ( e  .g .  py r id ine  
perbromide) and N-halogen compounds tha t  d ischarge  t o  g i v e  
f u r t h e r  unsa tu ra t ion  o r  coupling ( e .g.  N, N'-dichlorobenzoquinone- 
diimine ( r e f .  1 ) .  Some o f  these w i l l  be t e s t e d  next q u a r t e r .  
F igure  8 shows the  cur ren t -vol tage  d ischarge  da t a  o f  ACL-85 
i n  methyl f c rma te .  LiC104and KPF6 a r e  shown t o  be equa l ly  
e f f e c t i v e  as e l e c t r o l y t e  s a l t s .  Water appears to decrease  the  
f u l l  c e l l  v o l t a g e .  'This loss i s  due t o  cathode p o l a r i z a t i o n .  
O f  t he  inorganic  a c t i v e  ch lo r ine  compounds, L i O C l  is  of 
i n t e r e s t  f o r  nonaqueous so lvents  ( r e f .  2 )  TWO samples of L i O C l  
were t e s t e d  i n  t apes  prepared s i m i l a r l y  t o  t h e  A C L  t a p e s .  The 
commercial grade o f  L i O C l  (Lithium Corporation o f  America) included 
s t a b i l i z e r s  and was 25% L i O C 1 .  The K and K Chemical sample a l s o  
assayed a t  30% L i O C l  by the  i o d i n e - t h i o s u l f a t e  t i t r a t i o n  method. 
Both samples discharged s i m i l a r l y  i n  LiC104(MF). 
cons ide rab le  a c t i v i t y  bu t  very l i t t l e  capac i ty  i n  these  t a p e s .  A 
t a p e  was discharged i n  LiCl(DMF) i n  an a t tempt  t o  o b t a i n  more 
r a p a c l t y  s i n c e  one of t h e  products,  LiC1,  i s  s o l u b l e .  The 
i n s t a b i l i t y  and i n s o l u b i l i t y  of the L i O C l  i s  presumably most of 
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Since  a good d ischarge  has  been shown f o r  Ago ( r e f  3) i n  
nonaqueous b a t t e r i e s ,  t apes  were made f o r  t h i s  program by a method 
developed p rev ious ly  i n  t h i s  labora tory  ( r e f  a 4 ) .  The d ischarge  
of t h i s  tape  i n  LiC104(MF) showed cons iderable  i n i t i a l  vo l tage  
lcss  and was much less a c t i v e  than the  a c t i v e  ch lo r ine  compounds, 
The AgCl d a t a  was c o l l e c t e d  early i n  t h e  q u a r t e r  and t h e  cathode 
was produced by reducing a Yardney S i l cad  Ago (YS10) cathode and 
r e -ox id iz ing  i t  i n  HCl(aq) . 
comparison and completeness. 
. 
- 
The da t a  i s  g iven  i n  Table 13 f o r  
One t e s t  was performed on an amalgamated L i  anode.  T h i s  
e l e c t r o d e  was prepared by wetting l i t h ium w i t h  mercury and then 
annea l ing  t h e  anode a t  135°C i n  vacn~m.  The ansc?e xzs indeed 
deac t iva t ed  (50/50 w t - $  Li/Hg). The r e s u l t  i n d i c a t e s  t h a t  more 
work could be done i n  t h i s  a r e a .  
a c t i v e  e l e c t r o l y t e  than LiOMe( MeOH) could be used,  Amalgamatfon 
by i n c l u s i o n  of Hg* i n  s o l u t i o n  might a l s o  b e  p o s s i b l e .  
F u l l  c e l l  da t a  was a l s o  obtained f o r  ACL compounds w i t h  
magnesium anodes i n  LiOMe(Me0H) and i n  A 1 C 1 3  ( A N ) .  ACL-85 
discharged r e a d i l y  a g a i n s t  magnesium i n  A 1 C 1 3  and reasonably wel l  
i n  LiOMe(Me0H) 
p o l a r i z a t i o n  i s  m o s t l y  IR-loss i n  t he  A I C I S ( A N )  system. A 
cons t an t  c u r r e n t  d i scharge  (F igure  10) exh ib i t ed  a f l a t  d ischarge  
p o t e n t i a l  a t  2 . 5  v o l t s  but  a cathode e f f i c i e n c y  o f  only 25%. 
For example, a t  5G/50 w t - $ ,  a more 
From Figure  9 it would appear t h a t  t h e  
c Discharge of ACECompound Tape Cathodes i n  Nonaqueous 
E l e c t r o l y t e  Systems 
Emphasis t h i s  q u a r t e r  was placed on t h e  d ischarge  o f  ACL- 
compounds versus  l i t h i u m  i n  methyl formate, s i n c e  such  c e l l s  have 
a l a r g e  t h e o r e t i c a l  energy capaci ty ,  and have been shown t o  d i scharge  
a t  d r a i n  r a t e s  o f  0 .1  amp/inO2 i n  methyl formate.  
The s o l u b i l i t y  of ACL-85 i n  methyl formate had been found 
t o  be l e s s  than i n  t h e  o t h e r  nonaqueous so lven t s  used. The 
a d d i t i o n  of s a l t  might be expected to decrease t h e  s o l u b i l i t y .  
However, t h e  s o l u b i l i t y  increases  g r e a t l y  with a d d i t i o n  of LiC104. 
Thus ,  2.2 g of ACL-85 d i s s o l v e s  i n  100 ml of MF. However, more 
than 20 g of ACL-85 d i s so lves  r e a d i l y  i n  100 m l  o f  1 M  LiC1Q4 ( M I ? ) .  
I n  KPF6(MF), t he  s o l u b i l i t y  o f  ACL-85 i s  no t  no t i ceab ly  inc reased .  
I n  8-BL and EF the  a d d i t i o n  o f  LiC104 a l s o  inc reases  the  ACL-85 
s o l u b i l i t y .  
showed almost no l o s s  o f  a c t i v e  ch lor ine ,  even though t h e r e  was 
no s o l i d  phase ,  
Active c h l o r i n e  a n a l y s i s  on the LiC104 (MF) s o l u t i o n  
Since s o l u b i l i t y  3f ACL-85 i s  l i k e l y  to g i v e  chemical 
d e p o l a r i z a t i o n ,  low OCV and low c a p a c i t i e s  might be expected.  
Inc reas ing  s e p a r a t o r  th ickness ,  and using KPF6 r a t h e r  than LiC104, 
might improve r e s u l t s  
26 
Mg/AC1-85 Full Cell 
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Current-Voltage Data on the Mg/A1C13(AN)/AC1-85 System 
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Figure 9. 
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Figure 10. Constant Current Discharge of the Mg/A1C13 (AN)/AC1-85 
System (C.D. = 0.05 amp/in.2, A = 3 in.2) 
The r e s u l t s ,  shown i n  Table 1 4  and i n  Figure 11, i n d i c a t e  
t h a t  LiC104 and KPF6 a r e  equal ly  e f f e c t i v e  a s  e l e c t r o l y t e  s a l t s  
i n  methyl formate, f o r  ACL-85 d ischarge .  Decreasing t h e  
s e p a r a t o r  th ickness  a l s o  had no e f f e c t  on performance wi th  KPF6. 
I n  Table 14  i n i t i a l  ampere-minute c a p a c i t i e s  a r e  determined 
by weight of t he  t a p e  and i o d i m e t r i c  t i t r a t i o n  on a tape  s e c t i o n .  
Electrcchemical  ampere-minute c a p a c i t i e s  a r e  simply the  products  
of c u r r e n t  x minutes to reach the s p e c i f i e d  vol tage  or end o f  t h e  
experiment.  
i o d i m e t r i c  t i t r a t i o n  on the  u s e d  t a p e .  "Loss" i s  the  " I n i t i a l "  
c a p a c i t y  minus the t o t a l  of the  "Fina l"  and "Electrochemical  
~ e t a l "  c a p a c i t i e s  iz ~ E F - I Z ~ R .  
F i n a l  ampere-minute c a p a c i t i e s  a r e  determined by 
Decreasing the  c u r r e n t  dens i ty  from 0.10 amp/in.2 to 0.05 
and 0.01 amp/ina2 improved vol tages  cons iderably  i n  t h e  Li/KPF6(MF) 
AC~-85  system. However, t h e  c a p a c i t i e s  a r e  similar a t  a l l  d r a i n  
r a t e s .  Thus we assume t h a t  product b u i l d - u p  l i m i t s  t h e  capac i ty  
o r  t h a t  A C 1 - 8 5  d i scharges  i n  s t e p s  and t h a t  the  product  of the  
two-electron d ischarge  cannot be f u r t h e r  reduced. Inc reas ing  the  
carbon percentage i n  t h e  cathode was a s  e f f e c t i v e  a s  lowering t h e  
c u r r e n t  d e n s i t y  i n  inc reas ing  vol tages .  However, t he  increased  
e l e c t r o l y t e  volume and e l e c t r o d e  s u r f a c e  a r e a  d i d  no t  improve 
c a p a c i t i e s .  
wi th  t h e  l i t h i u m  or a l o s s  of ACL-85 by r e a c t i o n  wi th  t h e  s o l v e n t .  
However, t h e  recovery of a c t i v e  ch lo r ine  a f t e r  d i s s o l v i n g  ACL -85 
i n  MF makes t h e  r e a c t i o n  w i t h  so lven t  theory  u n l i k e l y .  
i s  due to chemical depo la r i za t ion ,  then  the  f a c t  t h a t  the "loss" 
i s  no g r e a t e r  a t  0.01 amp/in.2 is  s u r p r i s i n g ,  s i n c e  t h e  con tac t  
t ime i s  10 times a s  l o n g .  The problem may be one of adso rp t ion  
o f  p r o d u c t s  on t h e  carbon or an  i n a b i l i t y  to r e a c t  t he  products  
w i t h  aqueous a c i d i c  K I  s o l u t i o n .  
The "Loss" column may be a logs by chemical r e a c t i o n  of A C 1 - 8 5  
I f  t h e  loss 
The per cent  u t i l i z a t i o n  i n d i c a t e s  t h a t  only one of t h e  
t h r e e  c h l o r i n e s  a r e  a v a i l a b l e .  (Approximately t h e  same u t i l i z a t i o n  
i s  found f o r  t he  d ischarge  of ACL-85 vs  Mg i n  AN w i t h  
A1C13--Figure 10). However, t h e  shape o f  t he  d ischarge  curves i n  
methyl formate would i n d i c a t e  a complicated r e a c t i o n  mechanism. 
Thus the  r educ t ion  may n o t  y i e l d  the L i  s a l t ,  b u t  r a t h e r  may go 
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Figure 11. Dischar e of the Li/ACL-85 Tape S stem in LiC104 (Methyl 
Formate7 and KPF6 (Methyl Formate7 Electrolytes 
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Table 1 4  
DISCHARGE OF LI/ACL COMPOUND TAPE CELLS IN METlIyL FORMATE AT 
CONSTANT CURRENT 
Capacity. amp-min. 
% U t i l i -  
Ref Cathode - -  
337 ACL-85 
308 A C L - ~ ~  








































1/2 tape w t  
1/2 I 
Electrochemical zat ion a t  






























t Norms = I = 0.10 amp/in.2 area = 3 in.2 
Separator = 0.012 in .  
ACL/SAB = 2.12 g/g 
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:m) reaches value via maximum 
The r e s u l t i n g  products  cou ld  be h igh  molecular weight s p e c i e s  t h a t  
a r e  i n s o l u b l e  i n  t h e  e l e c t r o l y t e  and i n  t h e  K I  s o l u t i o n .  
Other ACL compounds were t e s t e d  to o b t a i n  b e t t e r  discharge,  
' b e t t e r  chemical s t a b i l i t y ,  lower s o l u b i l i t y ,  and, i n  genera l ,  
t o  g a t h e r  information about d i scharge  o f  ACL compounds and 
p o s s i b l e  r educ t ion  products  of A C L - ~ ~  Three compounds were 
a v a i l a b l e  from Monsanto Company: ACL-59,  ACL-66, ACL-75 and 
ACL-70. These materials were i d e n t i f i e d  i n  an e a r l i e r  s e c t i o n  
of t h i s  r e p o r t  e 
ACL-59, the  potassium sa l t  of d ich loro isocyanur ic  ac id ,  is 
less s o i u ' u i e  i n  organic  e l e c t r o l y t e s  than ACL-85, Its s t a b i l i t y  
is  b e t t e r  than  that  o f  ACL-85 and i t  cou ld  be considered the  f i rs t  
r e a c t i o n  product  of ACL-85 i n  KPF6(MF) i f  t h e  r e a c t i o n  were t h e  
s imple formation of  s a l t s  of the  a c i d .  
ACL-59 was reduced a t*O.10  amp/inO2 i n  LiC104 (MF)  bu t  not  i n  
KPF6 (MF)  Thus we p o s t u l a t e  t h a t  t h e  l i t h i u m  s a l t  o f  d i ch lo ro -  
i socyanur i c  a c i d  i s  more s o l u b l e  than  t h e  potassium salt, and tha t  
t h i s  i nc reased  s o l u b i l i t y  i s  requi red  f o r  d i scha rge  a t  t h i s  d r a i n  
r a t e .  The d ischarge  vol tage  i n  LiC104 i s  i n f e r i o r  to t h a t  of  
ACL-85 and the p e r  cen t  u t i l i z a t i o n  i s  n o t  g r e a t l y  inc reased .  The 
d i scha rge  of ACL-59, -66, and -75 a r e  shown i n  F igure  12. 
T h i s  ma te r i a l ,  l i k e  ACL-59, would no t  d i scharge  i n  KPF6. The 
d i scha rge  i n  LiC104 (MF) was more e f f i c i e n t  than with ACL-85. 
However, t h e  vo l t age  was lower. 
ACL-66 i s  a mixed s a l t  of two p a r t s  ACL-59 to one p a r t  ACL-85. 
ACL-75 discharged with KPFs and with LiC104 i n  MF. The 
d i scha rge  p o t e n t i a l ,  however, was improved by using LiC104 e The 
e f f e c t  of Li' en t e r ing  t h e  s o l u t i o n  was an i n c r e a s e  of p o t e n t i a l  
w i th  inc reas ing  d ischarge  t i m e  i n  t h e  KPF6 e l e c t r o l y t e  system. 
ACL-70 i s  d ich loro isocyanur ic  ac id  Its discharge  i s  
s i g n i f i c a n t l y  s u p e r i o r  to t h a t  of ACL-85 ( s e e  F igure  13). 
Approximately 50% u t i l i z a t i o n  can be obtained above 2 . 0  v o l t s  
a t  0 -10 or 0.05 amp/ins2 At 0.05 arnp/ine2, 36$ u t i l i z a t i o n  i s  . 
obtained above 3.0 v o l t s .  I n  this i n s t ance  2 .O amp-rnin/ine2 was 
obta ined  above 3.0 v o l t s ,  The weight o f  t h i s  t a p e  was 0.29 g/ in .2 .  
Decreasing t h e  tape  weight decreased performance, s i m i l a r l y  t o  
that expected from inc reas ing  the  cu r ren t  d e n s i t y .  
Plans f o r  Third Q u a r t e r  (Cathode Research and Development) 
The couple r e sea rch  phase (Task No, I) f o r  t h e  Mg/ACL 
compound system i n  a c i d i c  e l e c t r o l y t e  i s  e s s e n t i a l l y  complete. 
Development under Task I1 (Complete C e l l  Evalua t ion)  w i l l  be 
emphasized, p a r t i c u l a r l y  continuous tape  c e l l  p r e p a r a t i o n  and 
op t imiza t ion  of  energy d e n s i t y  output  under dynamic t e s t  
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Figure  13. Discharge o f  the Li/ACL-70 System i n  L iC104  ( M F )  
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A smal l  e f f o r t  w i l l  be  c a r r i e d  o u t  to determine the  energy 
A d e n s i t y  l i m i t s  of lVg/ACL-Compound tape  c e l l s  discharged a t  low 
c u r r e n t  d e n s i t i e s  i n  n e u t r a l  e l e c t r o l y t e .  
The  energy d e n s i t y  o u t p u t  for Li/ACL-Compound tape  c e l l s  i n  
nonaqueous e l e c t r o l y t e  w i l l  be  optimized f o r  t he  s t a t i c  c e l l  
c o n f i g u r a t i o n .  
CuF2 and AgF2 cathodes w i l l  be  t e s t e d  i n  a tape  c e l l  
c o n f i g u r a t i o n  t o  determine maximum cur ren t  d e n s i t y  l i m i t s .  
B. ANODE RESEARCH AND DEVELOPMENT 
1. L i t h i u m  i n  Nonaqueous E l e c t r o l y t e  
a .  E lec t rode  P repa ra t ion  
I n  a d d i t i o n  to using a s o l i d  f o i l  e l ec t rode ,  two techniques 
f o r  p repa r ing  a high s u r f a c e  area l i t h i u m  anode were screened.  
Half c e l l  experiments on p l a t i n g  l i t h i u e  on aluminum f o i l  showed 
t h a t  p l a t i n g  from LiC104 i n  MF was i m p r a c t i c a l .  Since L i C l  i s  
i n s o l u b l e  i n  methyl formate, e l ec t rodes  were prepared f rom L i C l  
i n  DMF. (These c o u l d  then be used i n  a f u l l  c e l l  w i t h  methyl 
formate .) The r e s u l t s  ind ica ted  a l l o y  formation s i n c e  the  
p o t e n t i a l  of l i t h i u m  removal was l e s s  nega t ive  than  f o r  s o l i d  
l i t h i u m .  The method would have t o  be r e f i n e d  f o r  f u t u r e  u s e .  
A l i t h i u m  d i s p e r s i o n  i n  hexane was obtained f rom Foote 
Mineral Company, and t h i s  was spread on a sepa ra to r ,  d r i e d ,  and 
used a s  an  anode f o r  t h e  Li/LiC104 (MF)/ACL-85 c e l l .  The anode 
OCV = 1.0  v o l t  and the  c e l l  OCV = 0 v o l t ,  i nd ica t ed  chemical or 
e l e c t r i c a l  s h o r t i n g .  The r e s i s t a n c e  through the  anode 
( A  = 3 in .2 ,  1 0.05 i n . )  was 50 ohms, a s  measured between two 
p la t inum p l a t e s .  Upon drying of t h e  I", t h e  l i t h i u m  caught f i r e .  
S ince  t h e  ACL-85 was n o t  i n  contac t  w i t h  t h e  L i  and the  combustion 
ash  showed C1- ,  we suspec t  L i C 1 0 4  was t h e  ox idan t .  Using KPF6 
e l e c t r o l y t e  we aga in  obtained a c e l l  OCV of zero  volts. 
Reversing t h e  power supply, we needed 50 ma/in." t o  o b t a i n  
4.0 v o l t s ,  i n d i c a t i n g  a chemical d i scha rge  o f  t h i s  magnitude was 
occur r ing .  The l i t h i u m  d i spe r s ion  experiments were d iscont inued  
a t  t h i s  p o i n t .  
A l i t h i u m  r ibbon of 0.015 i n .  was obtained f rom Foote 
Mineral Company (packed i n  a rgon) .  This m a t e r i a l  was e a s i e r  to 
process  than t h e  F i s h e r  l i t h i u m ,  which had to be cu t  and p res sed .  
* Technical information was received f r o m  
P .  R .  Mallory on methods o f  p l a t i n g  l i t h i u m .  
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W i t h o u t  s u r f a c e  p r e p a r a t i o n  the  Foote  L i t h i u m  anode was slow t o  
reach  a s t a b l e  open c i r c u i t  p o t e n t i a l .  Cleaning with methanol 
improved t h i s  s i t u a t i o n .  Cleaning w i t h  methanol and r i n s i n g  w i t h  
hexane showed no f u r t h e r  improvement. I n  ope ra t ion  i n  t h e  
Li/KPFG (MF)/ACL-85 c e l l  a l l  three anodes worked e q u a l l y  w e l l  
under l o a d .  Thus  Foote Mineral l i t h i u m  r ibbon w i t h  MeOH e t c h  was 
used f o r  t he  remainder of t h e  quar te r .  
b .  Discharge C h a r a c t e r i s t i c s  of  L i t h i u m  H a l f  Ce l l s  i n  
Nonaqueous E l e c t r o l y t e  
The sc reen ing  of s e l e c t e d  l i t h i u m - e l e c t r o l y t e  systems i n  
h a i r - c e l l s  was continued, w i t h  the same e lec t rochemica l  t e s t  
appara tus ,  ma te r i a l s  p u r i f i c a t i o n ,  and a n a l y s i s  a s  was r epor t ed  
l a s t  q u a r t e r .  The d a t a  repor ted  h e r e  ( T a b l e  15) are  presented  
i n  a manner s imilar  t o  Table 6 o f  Report No. 1. These d a t a  
complete our l i t h i u m  anode h a l f - c e l l  program. 
The t e s t  appara tus  w i l l  be used t o  improve f u l l  c e l l s  by 
c o n t r o l l i n g  and s tudying  v a r i a b l e s  i n  t h e  h a l f - c e l l  t e s t s  or to 
t e s t  new e l e c t r o l y t e  systems if any are found t h a t  warrant  ha l f -  
c e l l  i n v e s t i g a t i o n .  
The d a t a  c o l l e c t e d  i n  th i s  phase have been based on systems 
l a r g e l y  suggested by o t h e r  r e sea rche r s  i n  t h e  nonaqueous b a t t e r y  
f i e l d .  However, t h e  data were c o l l e c t e d  t o  determine 
a p p l i c a b i l i t y  t o  d ry  t ape  use, where l i t h i u m  s t a b i l i t y  i s  less 
important  than  cu r ren t  d r a i n .  
Methyl formate was previous ly  shown t o  be a good e l e c t r o l y t e  
f o r  l i t h i u m  anodes.  However, i ts  low b o i l i n g  p o i n t  (31°C) i s  
undes i r ab le  f o r  c e r t a i n  p r a c t i c a l  a p p l i c a t i o n s .  Hence e t h y l -  
formate (bp  54°C) was t e s t e d  and compared w i t h  o t h e r  l i k e l y  
e l e c t r o l y t e  systems.  The conduct iv i ty  of LiC104 h e t h y 1  formate 
(0 .64 x lo’* ohm’lcm-l) is  only half t ha t  o f  t h e  methyl formate 
system, whereas t h e  conduct iv i ty  wi th  KPF6 i s  only  
7 x lo-* ohrn-lcm-’. The l a t t e r  system was t h e r e f o r e  not  t e s t e d  
wi th  l i t h i u m .  The r e s u l t s  i n d i c a t e  t h a t  LiC104 ( e t h y l  formate)  
system might be u s e f u l  for some a p p l i c a t i o n s .  
S i n c e  t h e r e  had been an i n d i c a t i o n  that  water improved the  
d i s c h a r g e  of ACL compounds i n  methyl formate,  t h e  e f f e c t  of  
water  on l i t h i u m  performance was s t u d i e d  i n  t h i s  e l e c t r o l y t e .  
Methyl formate/water samples f r o m  0.065 mg H20/m1 t o  10 m g / m l  
were prepared and t h e  cur ren t -vol tage  r e s u l t s  showed no decreased 
performance. A t  increased  water concen t r a t ions  gas s ing  increased  
and performance improved s l i g h t l y ,  due to improved conduc t iv i ty .  
It had been observed while  c l ean ing  l i t h i u m  wi th  methanol 
t h a t  t h e  gas s ing  of l i t h i u m  decreased w i t h  t ime. We prepared 
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t h e  conduc t iv i ty  of t h e  s o l u t i o n  to be 1.06 x lov2 ohm-lcm-l. 
e l e c t r o l y t e ,  the l i t h i u m  developed a pas s ive  coa t ing  and was 
i n e f f e c t i v e  a s  an  anode. 
A d r y ,  p u r i f i e d  sample of dimethylsulfoxide (DMSO) was made 
a v a i l a b l e  t o  u s  from another  group i n  o u r  l abo ra to ry .  
s o l v e n t  was t e s t e d  with L i  and Mg to o b t a i n  a comparison t o  d a t a  
f rom t h e  f i r s t  q u a r t e r ' s  work. 
s o l u t i o n  of L i C l  was 0.67 x 1 P 2 o h m - l  cm". 
- However, when l i t h i u m  was t e s t ed  a s  a h a l f  c e l l  w i t h  t h i s  
T h i s  
The conduc t iv i ty  of t h e  1M 
The o t h e r  r e s u l t s  presented i n  Table 15 a r e  s e l f  explanatory; 
An A 1 C 1 3 ( A N )  e l e c t r o l y t e  was prepared and was found  t o  be 
I ,  r;ne systefiia were chosen t o  compiete o u r  sc reening  program. 
too r e a c t i v e  f o r  t e s t i n g  w i t h  l i t h i u m .  
2 _Magnesium i n  Nonaqueous E l e c t r o l y t e  
The experiments descr ibed  i n  t h i s  s e c t i o n  were performed 
Last q u a r t e r  
wi th  t h e  same ma te r i a l s  and equipment a s  f o r  t h e  l i t h i u m  s t u d i e s .  
I n  many ins t ances  t h e  same so lu t ions  were used. 
t h e  importance o f  magnesium cleaning was emphasized. During t h i s  
r e p o r t  per iod  o t h e r  e t c h  s o l u t i o n s  were t r i e d .  
use i s  t h e  fol lowing:  
The one chosen f o r  
35 m l  methanol 
35 m l  e thanol  ( a b s o l u t e )  
5 m l  A n s u l  141  Ether  
6 g H C 1  ( g a s )  
10 m l  HN03 (98%) 
T h i s  e t c h  s o l u t i o n  i s  based on pa ten t  l i t e r a t u r e  ( r e f .  3 ) ,  but  i t  
i s  more n e a r l y  nonaqueous than the p a t e n t  e t c h .  The e t c h  
s o l u t i o n s  were evaluated on t h e  L i C l  ( r -bu ty ro lac tone )  system. 
T h i s  e t c h  s o l u t i o n  was u s e d ' f o r  a l l  t h e  t e s t s  w i th  magnesium 
repor t ed  i n  t h i s  r e p o r t .  
Seve ra l  methanolic e l e c t r o l y t e s  were t e s t e d  wi th  magnesium 
to a t tempt  t o  improve t h e  vol tage f rom t h a t  i n  t h e  aqueous system. 
Anode gass ing  would a l s o  be expected t o  be l e s s  i n  methanol. The 
r e s u l t s  a r e  shown i n  Table 16. 
of t h e s e  t e s t s  was a square wave, i n d i c a t i n g  t h a t ,  a t  t h e  c u r r e n t  
d e n s i t y  t e s t e d  ( 0 . 2  amp/in .'), the p o l a r i z a t i o n  was e n t i r e l y  due 
t o  I R  loss. 
The osc i l l o scope  t r a c e  o f  each 
I n  a c i d i c  e l e c t r o l y t e s  gassing was heavy and p o t e n t i a l s  were 
lower than i n  n e u t r a l  o r  b a s i c  s o l u t i o n s .  Acidic methanol 
s o l u t i o n s  appear t o  o f f e r  no advantages over the  aqueous e l e c t r o -  







improve s i g n i f i c a n t l y .  F u l l  c e l l  t e s t s  have been performed wi th  
- t h e  LiOMe(Me0H) system. 
Even w i t h  t h e  p r e s e n t  e t c h  s o l u t i o n  used i n  t h e  d r y  box, 
o t h e r  nonaqueous (non-protonic)  systems showed poor performance 
i n  g e n e r a l .  Again t h i s  q u a r t e r ,  t h e  s l i g h t  b e n e f i c i a l  e f f e c t  of 
c h l o r i d e  i o n  can be seen  i n  breaking down t h e  p a s s i v e  l a y e r .  
Magnesium, w i t h  these non-protonic so lven t s ,  showed a minimum 
vo l t age  i n  t h e  o s c i l l o s c o p e  t r ace ,  i n d i c a t i n g  a breakdown of  the 
p a s s i v e  f i l m  w i t h  cont inuing e l e c t r o l y s i s  ( Q u a r t e r l y  Report No. 1) .  
The A l C 1 3  i n  t h e  A l C 1 3  a c e t o n e t r i l e  system developed by 
~ i o ~ e  ~ n i o i i  ( r e f .  16) i s  a p p a r m t l y  capab le  ef brea l~ i r?g  ilnwn the 
p a s s i v e  f i l m  on magnesium to a n  e x t e n t  where t h e  anode ope ra t e s  
e f f e c t i v e l y .  This system was t e s t e d  i n  ha l f  c e l l ,  and i n  f u l l  
c e l l  w i t h  AC1-compounds ( s e e  Sec t ion  A2b). 
I n  t h e  h a l f  c e l l  test of Mg/A1C13, 1M i n  a c e t o n i t r i l e  
K = 2.55 x ohm-l ern-.) a s l i g h t  gas s ing  and p a s s i v a t i o n  o f  
t h e  magnesium was no t i ced  a t  open c i r c u i t  (peak i n  o s c i l l o s c o p e  
t r a c e ) .  The magnesium a l s o  improved w i t h  u s e .  
3. Plans f o r  T h i r d  Quar te r  (Anode Research and Development) 
Lithium w i l l  cont inue to be used a s  t h e  major nonaqueous 
system anode i n  conjunct ion  w i t h  f u l l  c e l l  t e s t i n g  of var ious  
cathodes.  The f o i l  con f igu ra t ion  ope ra t e s  s a t i s f a c t o r i l y ,  and 
f u r t h e r  anode t e s t i n g  w i l l  be  d i r e c t e d  to eva lua t ing  new t a p e  
anode c o n f i g u r a t i o n s .  
T h i n - f o i l  bery l l ium anode material, s u i t a b l e  f o r  a t ape  
conf igu ra t ion ,  w i l l  be t e s t e d  i n  s t r o n g  b a s i c  aqueous e l e c t r o l y t e .  
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111. TASK I1 - TAPE CELL EVALUATION 
A .  TAPE CELL PREPARATION 
F u l l  s c a l e  product ion of continuous lengths  of  Mg/ACL-85 
t apes ,  scheduled for t h e  second q u a r t e r ,  was postponed to complete 
t h e  a n a l y s i s  of ACL-85 i n s t a b i l i t y .  
devised  for ACL-compound t apes .  Product ion of t ape  l eng ths  s u i t -  
a b l e  for dynamic t e s t i n g  i s  expected by the  middle of t he  t h i r d  
q u a r t e r .  
A new b inde r  system must b e  
s.. TIYNAMIC TESTING 
Complete eva lua t ion  of the Mg/ACL-85 system and o t h e r  Mg/ 
ACL-compound systems w i l l  be c a r r i e d  out dur ing  t h e  t h i r d  q u a r t e r .  
Energy d e n s i t y  output  w i l l  be  optimized under these  t e s t  cond i t ions .  
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I V .  SUPPORTING RESEARCH: TEST EQUIPMENT DESIGN AND 
IMPROVEMENT 
N o  work was requ i r ed  during t h e  second q u a r t e r .  
A s u i t a b l e  modi f ica t ion  o f  t h e  p re sen t  dynamic t e s t  f a c i l i t y  
w i l l  be designed to eva lua te  l i th ium anode based nonaqueous t ape  
systems during t h e  t h i r d  q u a r t e r .  
41 
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